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SeedLate embryogenesis abundant (LEA) proteins are a highly diverse group of polypeptides expected to play
important roles in desiccation tolerance of plant seeds. They are also found in other plant tissues and in some
anhydrobotic invertebrates, fungi, protists and prokaryotes. The LEA protein LEAM accumulates in the matrix
space of pea (Pisum sativum) mitochondria during late seed maturation. LEAM is an intrinsically disordered
protein folding into amphipathic α-helix upon desiccation. This suggests that it could interact with the inner
mitochondrial membrane, providing structural protection in dry seeds. Here, we have used Fourier-
transform infrared and ﬂuorescence spectroscopy to gain insight into the molecular details of interactions of
LEAM with phospholipid bilayers in the dry state and their effects on liposome stability. LEAM interacted
speciﬁcally with negatively charged phosphate groups in dry phospholipids, increasing fatty acyl chain
mobility. This led to an enhanced stability of liposomes during drying and rehydration, but also upon
freezing. Protection depended on phospholipid composition and was strongly enhanced in membranes
containing the mitochondrial phospholipid cardiolipin. Collectively, the results provide strong evidence for a
function of LEAM as a mitochondrial membrane protectant during desiccation and highlight the role of lipid
composition in the interactions between LEA proteins and membranes.n; IDP, intrinsically disordered
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Late embryogenesis abundant (LEA) proteins are a highly diverse
group of polypeptides that have been suggested to play important
roles in cellular desiccation tolerance. They are especially prominent
in the desiccation tolerant seeds of higher plants, but are also found in
anhydrobotic invertebrates, fungi, protists and even prokaryotes [1].
Their sequence diversity is illustrated in the model plants Arabidopsis
thaliana and rice where the genomes harbour 51 and 35 LEA genes,
respectively [2–4]. LEA proteins have been grouped into several
families according to amino acid sequence similarity [1]. The
structural and functional implications of these groupings, however,
have not been comprehensively explored yet.
The majority of the 51 LEA proteins encoded in the Arabidopsis
genome have been predicted to be intrinsically disordered proteins(IDPs), i.e. they should not harbor a stable secondary structure in
solution [3]. Experimental evidence for such structural disorder has
been obtained for a small number of LEA proteins from diverse
organisms andmost of these proteins have been shown to fold, mainly
into α-helices, during drying [5–12].
An important role for at least some LEA proteins in cellular
dehydration tolerance is indicated by their systematic expression at
the onset of dehydration and the increase in stress tolerance observed
upon overexpression in different eukaryotic or prokaryotic hosts [1].
However, knowledge about the molecular functions of LEA proteins is
still scarce, although several mechanisms such as hydration buffer, ion
trapping, antioxidant effects, stabilization of sensitive enzymes and
membrane protection have been proposed based on in vitro studies
[1]. Evidence for the interaction of different LEA proteins with lipid
model membranes has been obtained both in the dry state [9,11] and
in solution [7,13,14]. However, only little information on the effect of
these interactions on the structure and stability of the membranes
was provided in these studies.
A LEA protein (LEAM) has been identiﬁed in the mitochondria of
pea (Pisum sativum) seeds and was shown to accumulate to high
levels in the matrix space of the organelle during late seed maturation
[15]. LEAM is an IDP that folds into amphipathic class A α-helix upon
desiccation [11]. Synthetic class A helix peptides derived from
apolipoproteins were shown to insert into phospholipid bilayers
below the surface, parallel to themembrane plane, with the non-polar
1927D. Tolleter et al. / Biochimica et Biophysica Acta 1798 (2010) 1926–1933face of the helix oriented toward the fatty acid core of the membrane.
The helix is further stabilized within the membrane by electrostatic
interactions between positively charged residues of the peptide and
negatively charged moieties in the phospholipid headgroups [16–18].
The propensity of LEAM to fold into an emblematic class A α-helix
upon dehydration led us to propose that the protein could partition
into the inner mitochondrial membrane, providing structural protec-
tion to mitochondria in dry seeds [11]. This hypothesis was supported
by the ﬁnding that LEAM was able to prevent fusion or aggregation of
liposomes during desiccation. In addition, occurrence of LEAM–
membrane interactions in the dry state was conﬁrmed by differential
scanning calorimetry [11]. The mitochondrial inner membrane is
essential for cellular energy metabolism and its preservation during
anhydrobiosis should therefore be a critical factor for the survival of
anhydrobiotic organisms in general [19]. Accordingly, a mitochondrial
LEA protein homologous to LEAM was recently detected in the
desiccation-tolerant embryo of the brine shrimp Artemia franciscana
[20], indicating the relevance of mitochondrial protection by LEAM for
both animal and plant cells.
In the present report we have used Fourier-transform infrared
(FTIR) and ﬂuorescence spectroscopy to gain insight into the
molecular details of the interactions of LEAM with phospholipid
bilayers in the dry state and their effects on liposome stability. Our
results show that LEAM interacts speciﬁcally with the negatively
charged phosphate groups in dry phospholipids and that this
interaction increases fatty acyl chain mobility and decreases the
lipid melting temperature. This leads to an increased stability of
liposomes after drying and rehydration, but also after a freeze–thaw
cycle, as illustrated by a reduced leakage of entrapped soluble dye
molecules. The protective effects depend on membrane lipid
composition and are clearly enhanced in membranes containing the
mitochondrial phospholipid cardiolipin (CL).
2. Materials and methods
2.1. Materials
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine)
and CL (1,1',2,2'-tetra-oleoyl-cardiolipin) from bovine heart were
obtained from Avanti Polar Lipids (Alabaster, AL) and egg phospha-
tidylethanolamine (EPE) from Lipid Products (Redhill, Surrey, UK). CF
(carboxyﬂuorescein) was purchased from Invitrogen (Karlsruhe,
Germany) and was puriﬁed according to Weinstein et al. [21].
2.2. Preparation of recombinant LEAM
Recombinant LEAM was overexpressed in Escherichia coli and
puriﬁed to homogeneity by anion-exchange and gel-ﬁltration column
chromatography (HiTrapQ HP, Superdex200 10/300GL; GE Health-
care Europe, Orsay, France) as described [11].
2.3. Liposome preparation
Lipids (10 mg) were dried from chloroform under a gentle stream
of N2 and subsequently under vacuum over night. The resulting lipid
ﬁlm was hydrated either in 200 μl of distilled water for FTIR
experiments or in 250 μl of 100 mM CF, 10 mM TES and 0.1 mM
EDTA (pH 7.4) for leakage experiments and liposomes were formed
using a hand-held extruder (Avestin, Ottawa, Canada) with two layers
of 100 nm pore ﬁlters [22].
2.4. Fourier-transform infrared (FTIR) spectroscopy
Liposomes (50 μl) were spread on CaF2 windows and dried over
silica gel in desiccators at 28 °C for 24 h in the dark. FTIRmeasurements
were performed with a Perkin-Elmer GX 2000 spectrometer asdescribed in detail previously [23,24]. A window with the dry sample
was placed in a cuvette holder,ﬁxed in a vacuum chamber connected to
a temperature control unit (Specac Eurotherm, Worthington, UK) and
placed in the infrared beam. Temperature was monitored by a ﬁne
thermocouple ﬁxed on the window next to the sample. Samples were
kept in the sample holder under vacuum at 30 °C for 30 min to remove
residual moisture absorbed during handling. This was veriﬁed by the
absence of a water band in the FTIR spectra at 1650 cm–1. Earlier
measurements had shown that such samples contained less than 0.02 g
H2O/g lipid [25]. Temperature was then decreased to –30 °C (POPC)
or –50 °C (POPC:EPE:CL) and after 10 min equilibration, the temper-
ature was increased at a rate of 1 °C min–1. Two spectra with 4 cm–1
resolution were recorded and coadded every minute. Spectra were
analyzed using PerkinElmer Spectrum 5.0.1 software. After normaliza-
tion of absorbance and baseline correction of the spectra by the
interactive abex and ﬂat routines, the wavenumbers of the symmetric
CH2 stretching vibration (νCH2s), C=O stretching vibration (νC=O),
asymmetric P=O stretching vibration (νP=Oas) and asymmetric
choline stretching vibration (νN+(CH3)3as) bands were determined
by the peak identiﬁcation routine. The gel to liquid-crystalline phase
transition temperature (Tm)was determined as themidpoint of the shift
in νCH2s with temperature [26]. The carbonyl stretching peak (νC=O)
in the infrared region between 1800 cm–1 and 1680 cm–1 and the
asymmetric P=O stretching vibration (νP=Oas) between 1300 cm–1
and 1200 cm–1 were analyzed by peak deconvolution and curve ﬁtting
using the peak-ﬁtting module of OriginPro 7.0 (Origin Lab, North-
ampton, MA, USA) as described in detail previously [25,27]. Correlation
coefﬁcients for all ﬁtted curves were higher than 0.999.
2.5. Leakage measurements
To remove external CF, the liposomes after extrusion were passed
through a Sephadex G-25 column (NAP-5, GE Healthcare) in 10 mM
TES, 0.1 mM EDTA and 50 mM NaCl (TEN buffer, pH 7.4). Liposomes
(10 mg/ml in TEN) were mixed with the same volume of proteins at
the appropriate concentrations in TEN and the samples were dried as
described above for the FTIR samples. CF ﬂuorescence was measured
with a Fluoroskan Ascent (Labsystems, Helsinki, Finland) ﬂuorescence
microplate reader at an excitation wavelength of 444 nm and an
emission wavelength of 555 nm [23,25]. While ﬂuorescence is
strongly quenched at the high concentration inside the intact
liposomes, it increases when CF is released into the surrounding
buffer. The total CF ﬂuorescence (i.e. 100% leakage) was determined
after lyses of the liposomes with Triton X-100 and % leakage was
calculated relative to these ﬂuorescence values [25,28,29].
2.6. Schematic of LEAM–membrane interactions
The LEAM peptide was modeled using Swiss PDB Viewer (www.
expasy.org/spdbv/) [30]. PC structure was extracted from a bilayer
model [31] CL model structure was retrieved from the Worldwide
Protein Database (www.pdb.org). Images were generated using
POLYVIEW-3D program suite [32].
3. Results
3.1. FTIR spectroscopy of liposomes dried with LEAM
Liposomes mixed with LEAM were dried and FTIR absorbance
spectra were acquired at different temperatures (range –50 °C to
100 °C). Fig. 1 shows a representative spectrum of dry POPC liposomes
and LEAM at a protein:lipid mass ratio of 1:8 (equivalent to a molar
ratio of about 1:400) obtained at 0 °C. A series of peaks selected for
detailed analysis are attributed to the symmetric stretching vibration
of the fatty acid CH2 groups and the headgroup P=O moiety, the
stretching vibration of the C=O bond and the asymmetric stretching
Fig. 1. FTIR spectrum of POPC liposomes dried with LEAM. POPC liposomes were dried
with LEAMat a protein:lipidmass ratio of 1:8. The FTIR spectrumwas recorded at 0 °C. The
position and wavenumber of peaks corresponding to the different phospholipid bond
vibrations (symmetric CH2 stretching vibration (νCH2s), C=O stretching vibration
(νC=O), asymmetric P=O stretching vibration (νP=Oas) and asymmetric choline
stretching vibration (νN+(CH3)3as), as well as the protein amide I band are indicated.
Fig. 2. Lipid melting curves of liposomes with different phospholipid compositions.
Liposomes made of pure POPC or a mixture of POPC:EPE:CL mimicking mitochondrial
membrane phospholipid compositionwere dried alone orwith LEAMprotein. FTIR spectra
were obtained during heating of the samples from either –30 °C (POPC) or –50 °C (POPC:
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I band of the peptide groups of LEAM protein. The position of the
amide I band (around 1653 cm–1) clearly conﬁrms that the protein is
essentially α-helical in the dry state, as previously observed with the
protein alone [11]. Since the position and shape of the amide I band
did not signiﬁcantly change with temperature (data not shown), it
can be concluded that the secondary structure of LEAM in the dry state
is largely maintained in the presence of both gel and liquid-crystalline
lipid bilayers and that the α-helix is stable at temperatures up to
100 °C.EPE:CL) to 65 °C or 70 °C. The position of the symmetric CH2 stretching peak (νCH2s) is
plotted as a function of the sample temperature. (A) POPC liposomes. (B) POPC:EPE:CL
(60:20:20) liposomes. LEAM was added at a protein:lipid mass ratio of 1:8.3.2. Inﬂuence of LEAM on lipid phase transition temperature in the dry
state
The aim of these experiments was to examinewhether LEAM affects
the gel to liquid-crystalline phase transition temperature (Tm) of lipid
membranes in the dry state as this would constitute clear evidence for a
protein-lipid interaction. Lipid melting curves were obtained by
monitoring the position of the CH2 symmetric stretching vibration
(νCH2s) as a function of temperature (Fig. 2), which allows estimating
Tm as themidpoint of themelting curve [26]. In the presence of LEAMat
a protein:lipid mass ratio of 1:8, the Tm for liposomes made from pure
POPC (Fig. 2A)was decreased from 74.7±4.6 °C to 64.3±3.0 °C (n=3;
difference signiﬁcant at pb0.05 in a Student t-test). In addition to the
shift in Tm, themelting curves in thepresence of LEAMwere consistently
shifted to higher wavenumbers, both in the gel and liquid-crystalline
phases. This indicates a higher degree of motional freedom for the fatty
acyl chains of POPC due to the interaction of the membrane with the
protein. Also, the temperature range of the transition was strongly
broadened, indicating a less cooperative phase transition.
Since LEAM is localized in mitochondria, we prepared liposomes
using a mixture of POPC, EPE and CL at a proportion of 60:20:20 by
mass that approximates the lipid composition of pea seed mitochon-
dria [33]. The melting curve of the POPC:EPE:CL liposomes revealed
that the phase transition occurred over a wide temperature range of
almost 80 °C (Fig. 2B), due to the more complex lipid composition.
Such a melting curve cannot be adequately described by a single Tm
value. In the presence of LEAM this transition was broadened even
more, making the determination of a Tm completely futile. Neverthe-
less the same trends could be observed that were already apparent
from experiments with pure POPC membranes. Speciﬁcally, a general
shift of the melting curves to lower temperatures and to higher
wavenumbers occurred, which indicates an interaction between thesecomplex lipid membranes and LEAM. This interaction leads to
increased motional frequency of the fatty acyl chains.
3.3. LEAM interacts speciﬁcally with the P=O groups in dry phospholipid
membranes
FTIR spectroscopy allows investigating interactions between different
phospholipid functional groups and soluble additives, because the
vibrational modes of some groups in the lipid molecules are sensitive to
H-bondingor electrostatic interactions, inducing shifts and/orbroadening
of the corresponding peaks. Fig. 3 shows spectra of dry POPC liposomes in
theνP=OasandνC=Oregions that areboth sensitive to interactionswith
additives under these conditions [25]. LEAM induced a clear shift in the
position of the P=O peak from 1261.5 cm–1 in the absence of protein to
1257.8 cm–1. In addition, a shoulder appearedon thedownﬁeld sideof the
peak. Deconvolution resolved two components, with the upﬁeld band
attributable to the vibration of free (i.e. nonbonded) P=O groups
(νP=Ofree at 1262 cm–1) and the downﬁeld band to weakly bonded
P=O groups (νP=Obonded at 1242 cm–1) [25,34].
Assuming that the relative area of a band component is
proportional to the respective conformer population, we can calculate
the percentage of bonded and free P=O groups. In pure POPC
liposomes, the bonded P=O groups comprised approximately 34%,
which are most likely due to intermolecular H-bonding and
electrostatic interactions between P=O and choline groups [35]. In
the presence of LEAM, the proportion of P=Obonded increased
markedly to 55%. These data indicate an interaction of LEAM with
the P=O moieties of POPC in the dry state. A corresponding analysis
was also performed with the νC=O peak of POPC that could also be
involved in H-bonding with LEAM. It has been shown previously that
Fig. 3. Analysis of interactions of the P=O and C=O groups of POPC with LEAM. Infrared spectra in the νP=Oas (A, B) and νC=O region (C, D) at 75 °C were analyzed in the absence
(A, C) and presence of LEAM (B, D) at a protein:lipid mass ration of 1:8. The peaks were deconvoluted and ﬁtted into two band components corresponding to the free (i.e.
nonbonded) and bonded conformers of both functional groups. The absorbance peak comprises both the measured and the ﬁtted absorbance curves.
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corresponding to the free (1740 cm–1) and H-bonded (1728 cm–1)
C=O groups [36]. However, neither the position of the νC=O
peak of dry POPC nor the proportion of free (νC=Ofree) and bonded
(νC=Obonded) C=O groups was changed in the presence of LEAM
(Fig. 3). We could also not observe any changes in the νN+(CH3)3as
peak that might have indicated interactions with the choline moiety
of the POPC headgroups (data not shown). Lysozyme, which was used
as a control at the same protein:lipid mass ratio did not inﬂuence any
of the investigated FTIR absorbance bands (data not shown).
To further analyze the features of LEAM interaction with POPC
liposomes in the dry state, the proportions of νP=Obonded and
νC=Obonded were monitored as a function of temperature (Fig. 4). The
interaction of LEAM with the P=O groups was evident at all
temperatures, irrespective of the phase state of the membranes.
Likewise, the lack of interaction at the C=O group was apparent
through the whole temperature range. The insensitivity of both
vibrations to lipid phase changes (Fig. 4) has already been observed in
previous studies [25].
With dry POPC/EPE/CL (60:20:20) liposomes, the νP=O peak was
shifted downﬁeld by about 13 cm–1 in comparison to pure POPC
from≈1261 cm−1 to 1248 cm–1 (Fig. 5). This is most likely due to the
structurally largely immobilized P=O groups in CL [37–39] and to thehigh degree of intermolecular H-bonding characteristic of PEs [40].
Despite this high degree of H-bonding between the lipid molecules,
LEAM still shifted the P=O peak downﬁeld by another 4 cm–1, to
1244 cm–1 (Fig. 5) emphasizing the high propensity of the protein for
interactions with lipids in the dry state. Similar to the situation with
POPC, LEAM showed no interactions with the C=O groups in dry
membranes composed of POPC:EPE:CL, irrespective of the tempera-
ture (data not shown). Collectively, these results show that LEAM
mainly interacts with dry membranes through either H-bonding or
electrostatic interactions with the P=O groups, both in the gel and
liquid-crystalline phases.
3.4. LEAM protects liposomes from leakage of soluble content during
drying and freezing
FTIR spectroscopy revealed interactions between LEAM and
liposomes in the dry state that resulted in a reduction in the gel to
liquid-crystalline phase transition temperature. While such a depres-
sion in Tm has been shown to be important in the stabilization of
membranes e.g. by sugars (see [41,42] for reviews), it is not sufﬁcient
to prevent the loss of soluble content from lipid vesicles [25].
Therefore, we have investigated the protective effect that LEAM
could provide against leakage of the soluble ﬂuorescent dye CF during
Fig. 4. Temperature-dependence of the relative proportion of bonded P=O and C=O
moieties in dry POPC. Percentage of bonded P=O (A) and C=O (B) groups in POPC
membranes in the absence or presence of LEAM (protein:lipid mass ratio 1:8). The
percentage of bonded groups was determined from the ﬁtted peak areas of the two band
components identiﬁed in Fig. 3. The data represent the means±SE from three samples.
Fig. 5. Inﬂuence of lipid composition and the presence of LEAM on the P=O vibration. The
νP=Oas region of FTIR spectra of dry liposomes at 75 °C is shown for pure POPC (peak
position 1260 cm–1) and POPC:EPE:CL (50:30:20) in the absence (peak position 1248±
0.51 cm–1) and presence (peak position 1244±1.25 cm–1) of LEAM at a protein:lipidmass
ratio of 1:8. Means for the POPC:EPE:CL liposomes were calculated frommeasurements on
three different samples (±SE). The values in the absence and presence of LEAM were
statistically different at pb0.05 in a Student t-test for unpaired samples.
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shown in many previous publications (see [43] for review), air-drying
followed by rapid rehydration of liposomes without a protectant
resulted in complete lysis of the vesicles (Fig. 6). A low level of
protection (≈10%) was afforded by lysozyme as a control protein in
the case of POPC liposomes, but this effect was not dose-dependent
and not found with liposomes made with two different POPC:EPE:CL
combinations. In contrast, LEAM provided much better protection to
liposomes of all lipid compositions. With POPC liposomes, protection
reached a maximum of ≈20% with a protein:lipid mass ratio of 1:6.
With POPC:EPE:CL (50:30:20) liposomes, which correspond to the
phospholipid composition of mitochondria from desiccation sensitive
pea epicotyles [33], a better level of protection (≈40%)was reached at
the highest protein:lipid mass ratio of 1:3. The best protection of
≈50% at the highest protein concentration was afforded with POPC:
EPE:CL (60:20:20) liposomes, which mimic the lipid composition of
desiccation tolerant pea seed mitochondria. In this case, even a
protein:lipid mass ratio of 1:12 already yielded a protection of about
25%.
Since freezing is another biologically relevant stress factor that
involves a dramatic decrease in water activity, we examined whether
LEAM could also act as a cryoprotectant for membrane vesicles. POPC
liposomes loaded with CF were frozen for 1 h at−18 °C, and leakagewas measured after thawing. This treatment induced approximately
50% leakage (Fig. 7). The addition of lysozyme before freezing strongly
destabilized the membranes and resulted in almost total lysis of the
liposomes already at the lowest protein:lipid mass ratio investigated.
The addition of LEAM, on the other hand, had a protective effect, since
at the lowest protein:lipid mass ratio (1:12) leakage was reduced
from 50% to 25%. However, higher amounts of LEAM did not provide
further protection. Nevertheless, LEAM displayed a signiﬁcant
membrane cryoprotective activity which could be beneﬁcial for
mitochondria in tissues exposed to freezing conditions.4. Discussion
The present study provides compelling evidence for a protective
function of themitochondrial LEAMprotein towardmembranes in the
dry state. This intrinsically disordered protein was previously shown
to fold into an amphipathic class A α-helix during drying, and
structural analogy with mammalian apolipoproteins [16–18] sug-
gested the folded protein might partition into membranes to afford
protection in the dry state. This hypothesis was supported by indirect
experimental evidence from vesicle size measurements after drying
and rehydration and differential scanning calorimetry of dry lipo-
somes [11].
Leakage experiments with liposomes subjected to either drying
and rehydration or to freezing and thawing now directly showed that
LEAM is indeed able to stabilize phospholipid bilayers under
dehydration stress conditions. It seems highly signiﬁcant that
protection of liposomes by LEAM was more effective when lipid
mixtures mimicking mitochondrial membranes were used than with
pure POPC. In all eukaryotes, mitochondria share a rather similar
phospholipid composition with approximately 40–45% PC, 25–35% PE
and 10–15% CL [44]. Likely a heritage of the α-proteobacterium
ancestor of mitochondria, CL is a unique phospholipid exclusively
found in bacterial and mitochondrial membranes. It has a dimeric
structure in which a central glycerol group binds two phosphatidyl
moieties (see Fig. 8) and thus CL is an anionic phospholipid carrying
Fig. 6. Protection of liposomes during drying by LEAM. Leakage of CF from liposomes of
different phospholipid compositions was determined after air drying and rehydration at
different protein:lipidmass ratio of LEAM or lysozyme. The data represent themeans±SE
from three samples.
Fig. 7. Protection of POPC liposomes during freezing by LEAM. Leakage of CF from POPC
liposomes incubated with LEAM or lysozyme at different protein:lipid mass ratios was
determined after freezing for 1 h at –18 °C and thawing. The data represent themeans±SE
from three samples.
Fig. 8. Potential electrostatic interactions of LEAM with phospholipids. The scheme
illustrates the electrostatic interactions that could stabilize the α-helical form of LEAM
inserted laterally into a phospholipid bilayer. A modeled repeat peptide (residues 58–
86 of the mature protein, sequence above) is shown from its N-terminus through the
helix axis and perpendicular to a phosphatidylcholine (PC) and a cardiolipin (CL)
molecule. Similar interactions probably also occur with phosphatidylethanolamine,
another major component of mitochondrial membranes. Phospholipids are represented
in the CPKmode. The acidic and basic residues of the peptide have been colored red and
blue, respectively, in the sequence and in the model.
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the experiments revealed that a “seed type” mitochondrial phospho-
lipid composition led to the highest level of protection by LEAM
against membrane leakage. This suggests that LEAM structure and
function have been optimized in the course of evolution to favor
interaction with the mitochondrial inner membrane of desiccation-
prone seeds.
FTIR analysis clearly conﬁrms the interaction of LEAM with
phospholipid membranes in the dry state. The Tm of dry POPC
liposomes was signiﬁcantly shifted to lower temperatures in the
presence of the protein and in membranes mimicking the mitochon-
drial lipid composition fatty acyl chain mobility was enhanced at all
investigated temperatures. This contributes to the maintenance of the
liquid-crystalline state of the lipids, which is the functional state of
biologicalmembranes and could therefore be crucial for the functional
integrity of mitochondrial membranes exposed to desiccation in dry
seeds. Hence, LEAM shows some functional similarity to sugars that
also stabilize membranes in the dry state by maintaining the liquid-
crystalline state [46,47], although the effect of the protein is smaller
for similar mass ratios [25]. It should be noted that in such in vitro
assays, signiﬁcant amounts of protein are required, with molar ratiosof protein to total phospholipid of about 1:400. Moreover, since the
protein was added to the samples after the liposomes were formed, it
can be assumed that only the outer monolayer of the lipid bilayers
was able to interact with the protein, increasing the effective molar
ratio to 1:200. Assuming a 50 nm2 projected surface for the modeled
LEAM [11] and an average area per molecule of about 0.65 nm2 for the
phospholipids [48], the proteins would cover approximately 40% of
the accessible membrane surface area, which seems a reasonable
ﬁgure to account for the observed effects. Although this could appear
as a huge investment in proteins to protect membranes, a much lower
proportion of LEAM might be needed in vivo, because only protein-
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protein by mass) should be accessible to LEAM. Moreover, the high
concentration of proteins in the matrix space, as well as the presence
of sucrose on the outside certainly contribute to the stabilization of
macromolecules and membranes in the dry state [11].
A helical model of LEAM suggested that the whole protein could
fold into an amphipathic class A α-helix, with positively charged
residues aligned in two parallel stripes along the helix axis, at
approximately 180° relative to each other [11]. The helix was then
predicted to partition into the membrane upon drying, with the non-
polar surface of helix facing the hydrophobic core and the positively
charged amino acid residues aligned within the membrane–water
interface at the level of negatively charged phosphate groups of
phospholipids.
The actual topology of the LEAM–membrane association in the dry
state was investigated by FTIR spectroscopy which allows the
detection of H-bonding and electrostatic interactions between lipids
and proteins. The results indicate that LEAMmainly interacts with the
lipid P=O groups, independent of the lipid composition of the
membranes. This result is in agreement with the model described
above and supports the conclusion that LEAM acts as a membrane
stabilizing class A α-helix. Fig. 8 shows the expected topology and
illustrates that electrostatic interactions between both PC and CL, and
LEAM are feasible between the positively charged amino acids of the
protein and the phosphate groups of both lipids. The same type of
interaction should also occur with PE, which is another major
phospholipid in the mitochondrial membranes. These mainly elec-
trostatic interactions of LEAM with the phospholipids lead to a
positioning of the protein between the lipid headgroups. This
partitioning of the protein into the lipid headgroup region would
increase lipid spacing and thus increase lipid fatty acyl chain mobility
in the dry state, leading to the observed reduction in Tm. This proposed
mechanism for LEAM is analogous to the “water replacement
hypothesis” that has been put forward to explain the depression in
Tm in dry phospholipid membranes by various sugars in the dry state
[41,43].
Interestingly, Tm was not only reduced in the presence of LEAM,
but in addition the phase transitions were considerably broadened,
both in pure POPC and in POPC/EPE/CL membranes. Such a
phenomenonmay result from different populations of lipid molecules
that are inﬂuenced by the protein to different degrees. As our
calculations above indicated, the protein molecules covered approx-
imately 40% of the accessible membrane surface. It is therefore
obvious that only part of the lipids directly interacted with the
proteins while others were indirectly inﬂuenced to different degrees.
In addition, the inner monolayer was not in direct contact with the
proteins at all. This heterogeneity presumably resulted in the
observed broadening of the phase transitions.
It is quite striking that LEAM protects liposomes made from POPC/
EPE/CL more effectively from CF leakage during drying than pure
POPC liposomes. EPE is a nonbilayer lipid that destabilizesmembranes
under stress conditions [28], while CL is a bilayer lipid under fully
hydrated conditions [49] that forms an inverted hexagonal (HII) phase
during dehydration [50]. Therefore, although the lipid mixtures that
we used formed bilayers, as indicated by the high retention of CF in
these liposomes, they can be expected to be less stable during drying
than those made from pure POPC. Signiﬁcantly, while LEAM stabilized
CL-containing membranes in our experiments, the destabilization of
such membranes has been reported for other mitochondrial proteins
such as cytochrome c [51,52], cytochrome c oxidase [53] and creatine
kinase [52,54]. This clearly demonstrates the high speciﬁcity of the
stabilizing effect of LEAM. Further exploration of the topography of
the membrane–LEAM association, e.g. by atomic force microscopy
direct imaging [55], and modeling studies will be necessary to fully
understand the structural features of LEAM that give it these
extraordinary properties.References
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